Abstract Aquatic biodiversity is being lost at an unprecedented rate. One factor driving this loss is increased turbidity, an environmental stressor that can impose behavioral, morphological, and/or physiological costs on fishes. Here we describe the behavioral response of a widespread African cichlid, Pseudocrenilabrus multicolor victoriae, to turbidity. We used a split-brood rearing design to test if F1 offspring reared in turbid water, originating from river (turbid) and swamp (clear) populations, behave differently than full-sibs reared in clear water. We examined two facets of behavior: (1) behaviors of fish in full sib groups, including activity level and social dynamics collected during the rearing period; and (2) male aggressive behavior directed at potential male competitors after fish had reached maturity; this was done in an experimental set-up independent of the rearing aquaria. Regardless of population of origin, fish reared in turbid water were marginally less active and performed fewer social behaviors than those reared in clear water. On the other hand, when tested against a competitor in turbid water, males performed more aggressive behaviors, regardless of population of origin or rearing environment. Our results suggest a plastic behavioral response to turbidity that may allow P. multicolor to persist over a range of turbidity levels in nature by decreasing activity and general social behaviors and intensifying reproductive behaviors to ensure reproductive success [Current Zoology 58 (1): 146-157, 2012].
Increased turbidity is an environmental stressor contributing to the loss of diversity in aquatic ecosystems globally (Ricciardi and Rassmusen, 1999; Richter et al., 1997) . Turbidity, or suspended particulate matter, comes in two forms: eutrophication or organic turbidity from algal growth (Smith, 2003) , and sedimentary turbidity resulting from inorganic inputs such as eroded soil and re-suspended silt (reviewed in Donohue and Garcia Molinos (2009) ). The effects of increased turbidity on fish can be both direct and indirect. Direct effects include mortality resulting from deoxygenation of water associated with massive algal blooms (Bruton, 1985) , loss of condition from decreased foraging (Herbert and Merkens, 1961; Sigler et al., 1984; Barrett et al., 1992) , and clogged or damaged gills leading to infection (Herbert and Merkens, 1961; Bruton, 1985; Goldes et al., 1988; Sutherland and Meyer, 2007) . Indirect effects of increased turbidity are largely due to changes in the visual environment, through a reduction in the amount of light available and shifts in the color of underwater light (Lythgoe, 1979; Utne-Palm, 2002; Seehausen et al., 2003) . This can disrupt communication signals (reviewed in van der Sluijs et al. (2011) , which can alter predator-prey interactions (Abrahams and Kattenfeld, 1997) , breakdown species recognition signals (Seehausen et al., 1997) , and alter mate choice and reproductive behavior (e.g., Luyten and Liley, 1985; Seehausen et al., 1997; Järvenpää and Lindström, 2004; Candolin et al., 2007; Wong et al., 2007; Maan et al., 2010; Sundin et al., 2010) . In the endemic haplochromine cichlid fishes of Lake Victoria, East Africa, decreased light transmission and narrowing of the light spectrum due to eutrophication is thought to constrain the functional diversity of color signals, leading to a loss of fish diversity (Seehausen et al., 1997) . Furthermore, changes to the visual environment have lead to a reduction in the strength of sexual selection in several fish species, such as threespine sticklebacks Gasterosteus aculeatus Wong et al., 2007) , sand gobies Pomatoschistus minutus (Järvenpää and Lind-ström, 2004) , and Lake Victoria cichlids Pundamilia nyererei (Maan et al., 2010) . This occurs when changes in the signaling environment induce behavioral changes associated with reproduction, which can ultimately affect population viability.
Behavior is often a plastic phenotypic trait and can be the first mechanism used to cope with environmental change and/or stress (West-Eberhard, 2003; Ghalambor et al., 2010; Sih et al., 2011) , i.e. upon contact with an environmental stressor or novel environment, animals can adjust their behaviors immediately to minimize negative effects of an altered environment. Behavioral changes in activity level, foraging, and antipredator behaviors might mitigate impacts of direct physiological effects of turbidity. On the other hand, increased energy expenditure on activities related to reproduction may be necessary to offset difficulties in communication caused by the indirect or direct effects of increased turbidity. For example, threespine stickleback males in the Baltic Sea experiencing increased eutrophication turbidity spend more time courting than do males in clear water, with no net gain in reproductive success . It is thought that the decreased ability to see prompts increased courtship behaviors. While experimental studies like these have investigated the response of adult fish to increased turbidity, common garden rearing studies have yet to be used to explore developmental response to divergent turbidity environments.
Social behaviors associated with maintaining hierarchical social systems and aggressive reproductive behaviors associated with intrasexual competition (usually between males) in fish can be energetically expensive (Grantner and Taborsky, 1998; Ros et al., 2006; Cummings and Gelineau-Kattner, 2009 ). Agonistic interactions associated with competition for females are expected to be especially costly because of the risk of injury and use of energy stores (Ros et al., 2006; Briffa and Sneddon, 2007) . In stressful environments, such as high turbidity, we might expect a decrease in overall activity level. For example, in salmonids, indirect effects of turbidity include deterioration of social dominance hierarchies, reduced territoriality, and reduced gill-flaring (Berg and Northcote, 1985) . However, we might also expect to see a trade-off between social group behaviors and reproductive behaviors in stressful environments (e.g., polluted water) (Jones and Reynolds, 1997) : a decrease in activity and general social behaviors to mediate the physiological effects of the stressor (leading to a weakened hierarchical structure within the community; Ang and Manica, 2010) and an intensification of reproductive behaviors to ensure reproductive success.
Pseudocrenilabrus multicolor victoriae (Seegers) is a wide-ranging cichlid found throughout the Lake Victoria basin and Nile River drainage in Eastern Africa. It is found across a broad range of habitats from the clear, dark waters of hypoxic (low dissolved oxygen) swamps to the highly oxygenated, turbid waters of deforested rivers (Chapman et al., 1996; Crispo and Chapman, 2008; Crispo and Chapman, 2010; Crispo and Chapman, 2011) . Extensive work in this system, focusing on dissolved oxygen as an environmental stressor, has shown that P. multicolor responds both plastically and genetically to low dissolved oxygen (DO) across its range. There are strong patterns of morphological and physiological variation across populations associated with dissolved oxygen gradients, such as larger gills and smaller brains, and lower standard metabolic rates in females in fish from low oxygen habitats, compared to those in high oxygen environments (Chapman et al., 2000; Chapman et al., 2008; Crispo and Chapman, 2010; Reardon and Chapman 2010; Crispo and Chapman, 2011) . In addition to low dissolved oxygen environments, P. multicolor also experiences spatiotemporal gradients of turbidity. In particular, river populations are subject to variably turbid waters across wet and dry seasons, especially where surrounding land has been deforested. For example, in a heavily deforested section of the Mpanga River of western Uganda, turbidity ranged from 3.8 to 25.9 NTU over a one year period (Chapman and Gray, unpublished data) . Turbidity, like dissolved oxygen, is expected to act as a strong selective agent on P. multicolor phenotype.
Like many cichlids, P. multicolor is a highly social species: high aggressiveness increases social rank within the local population (Baerends and Baerends-van Roon, 1950) and intense male-male aggression is used to defend territories and attract mates (Fernö, 1986) . In low dissolved oxygen environments, P. multicolor shows decreased activity level compared to populations from highly oxygenated rivers, and shows behavioral flexibility to compensate for the physiological costs of low oxygen availability (Chapman and McKenzie, 2009) . For example, male P. multicolor acclimated to low and high DO for five months showed a decreased number of reproductive displays under low DO, which may reflect the high energy cost of these displays in an environment where oxygen acquisition is challenging (Gotanda et al., 2011) .
We used a common garden rearing design to detect effects of population of origin and developmental envi-ronment on the behavioral responses of P. multicolor to turbidity. We reared F1 offspring of parental stock originating from clear (swamp) vs. variably turbid (river) habitats under clear vs. turbid conditions. We looked at behavioral response to turbidity in two different contexts: (a) in a social group of full sibs in the rearing environment, and, (b) in a male-male competition experiment under both the rearing environment and the reciprocal environment.
Materials and Methods

Split-brood rearing experiment
Wild-caught adult fish from natural field populations were captured at two sites (swamp and river) within the Mpanga River drainage, western Uganda in June 2008 and live-transferred to McGill University. The swamp population, which represents a clear water population, was sampled at Kanyantale, while the river population, which represents a turbid water population, was sampled from Kamwenge [see Fig. 1 in Crispo and Chapman (2010) for map]. These two populations are geographically isolated (Crispo and Chapman, 2008) and divergent with respect to gill size, brain mass, and body shape in association with different oxygen regimes (Crispo and Chapman, 2010; Crispo and Chapman, 2011) .
To produce broods with known parentage, a single male was placed in a 30-L aquarium with three to five females. This ratio of males to females buffered male aggression toward females. As soon as one female was found to be holding eggs in her mouth, the male was removed from the aquarium and isolated so that we could ensure he did not fertilize other broods. The brooding female was also isolated in a separate aquarium. This was repeated to produce five sets of known parents for each population (10 families in total).
Once the eggs hatched and the fry had absorbed most of their yolk sacks (i.e. just prior to exogenous feeding) they were removed from the mother's mouth. The brood was counted and split equally between a turbid-water aquarium and a clear-water aquarium. This gave us a total of 20 aquaria (2 populations × 5 families ×2 treatments). All 20 aquaria (15-L each) were located on the same shelving unit in our Animal Facility, with broad spectrum lighting (CoralLife Aqualight 96 W with 50/50 Power Compact Lamp) over every 5 aquaria. For each family, the two aquaria (turbid, clear) were randomly assigned from the aquaria assembly.
One week post-separation from the mother, turbidity was incrementally increased daily in the turbid aquaria. Turbidity was created using a concentrated Bentonite clay-water solution (5 g clay in 250 ml water) that was suspended using water pumps and air stones. Each day for 4 days we added 10 ml of the turbidity solution, for a total turbidity solution concentration of 2.7 ml/L. Turbidity was measured in all aquaria weekly using a LaMotte 2020e turbidimeter and adjusted as necessary to maintain clear aquaria at < 1.0 NTU (mean ± SE = 0.81 NTU ± 0.01 over 18 months) and turbid aquaria between 6.5 and 9.8 NTU (mean ± SE = 8.7 NTU ± 0.10 over 18 months). To prevent the clay from being trapped
Fig. 1 Experimental apparatus for male-male aggression trials (see text for details)
Note that fish photo size is not to scale with experimental set-up.
in filters, these were removed from all pumps (clear and turbid treatments), which meant that small water changes had to be made twice weekly to prevent a build-up of waste. Basic water quality parameters (dissolved oxygen, conductivity, temperature, pH, Ammonia and Nitrite) were measured weekly to ensure good water quality.
In addition to turbidity, the water was colored to mimic the tea-stained nature of the water in Uganda where the parental stocks were caught. We used the average maximum wavelength from measurements in the field with a peak in the medium-long wavelength area of the visible spectrum (van der Sluijs and Chapman, unpublished) as a guide in developing our tea-stain solution (12 drops green, 12 drops red, 36 drops yellow Club House Food Colour in 500 ml water). We added 115 ml of this solution to each aquarium (7.7 ml tea-stain solution/L), and light measurements were made periodically throughout the experiment using a S2000 spectrometer (Ocean Optics) to ensure stability in water color.
Brood size ranged from 18 to 48 fish (mean ± SD, 28 ± 8.5), such that each aquarium initially held between 9 and 24 fish (mean ± SD, 14 ± 4.2). For the first six weeks fish were fed fry food (Hikari Tropical First bites) twice daily; at eight weeks they were fed a mixture of crushed flake food (TetraMinPro Tropical Crisps) and fry food twice daily; and, at 24 weeks they were fed only flake food once per day. Due to the small aquarium size and rapid growth of the fish, broods were reduced to 8 fish (at six weeks post-release) and then to 5 fish (at 14 weeks post-release) per aquarium. Fish removed from aquaria were euthanized with clove oil (2.0 ml 1:10 clove oil:ethanol solution in 500 ml water). Some fish started to show signs of reproductive maturity after nine weeks post-release (males: red anal fin spot; females: eggs in mouth).
Activity and social behaviors in full sib groups
Behavioral observations that focused on general social activities in full sib groups (activity level, non-aggressive social interactions, aggressive behaviors) began at least nine weeks after the experimental conditions started (between October and December 2009) using scan and focal observations on all aquaria. The sequence of aquaria to be observed was randomized. Due to the limited visibility within the turbid aquaria, a white, perforated plastic board was used to restrict fish to the front third of the aquarium during the observation period in both clear and turbid aquaria. Fish were habituated to placement of the board daily for two weeks preceding observational trials. A curtain was used to separate experimental aquaria from any disturbances in the room. After setting up an aquarium for observation (i.e. placing the white board in the aquarium), the observer would leave the curtained area and return after a minimum of 15-min. The observer would then take position directly in front of the aquarium and wait motionless for another 5 min to allow fish to become acclimated to the observer's presence. Preliminary tests showed that these acclimation times were sufficient for fish to resume regular behaviors (e.g., social interactions resumed).
A scan technique was used to record activity (either active or not active) of all fish in the aquarium. Activity was recorded at 10-s intervals for 5 min and averaged. Due to differences in fish density (across time due to culling and among aquaria due to the age of the fish), we calculated the mean proportion of active fish (i.e. mean number of fish active over 5 min, divided by the total number of fish, averaged over three observations per aquarium). Immediately following the 5-min scan, the observer performed a 3−5 min focal observation (minimum = 3 min, maximum = 5 min observation time) during which individual behaviors (see Table 1 ) of one haphazardly selected fish (including both sexes and juveniles) were recorded. After the observation period, a water sample was taken to measure turbidity (see Gray et al. (2011) for measurement protocol). All observations were conducted between 08:00 and 16:00 h.
The scan and focal observations were repeated three times for each aquarium over a three month period. Using the focal data, we assessed two categories of behavior of full sib groups reared in divergent turbidity environments: non-aggressive social (tail wagging, displays (directed toward any other fish), yawning), and aggressive (charges, bites) behaviors, and then calculated the proportion of each type of behavior relative to all behaviors observed (per min per fish). The individual behaviors we observed and recorded were performed by the focal fish, in the context of the family group, meaning they were not performed in a reproductive context (compared with male aggression behaviors, described below). The data for each focal observation were averaged for each aquarium (n = 19). Note that one aquarium could not be observed from a straight angle due to its placement on the shelves and so was not included in the analyses.
For scan and focal observations, all data were square root transformed. For the three variables of interest (activity, social, and aggressive behaviors) we used a mixed model ANOVA with treatment and population as fixed factors and family as a random factor nested in population. In all cases family was non-significant (P activity = 0.305, P social = 0.519, P aggressive = 0.138) and so was removed from the models. Because one aquarium could not be observed, the aquarium holding the siblings from that family in the opposite treatment was also excluded from the initial analyses that included family, but was used for subsequent two-way ANOVAs. All data were analyzed using SPSS 17.0.
Male-male aggression
Male aggression trials were performed to explore the response of individual males to competitors under both clear and turbid conditions, controlling for rearing condition. Each pair was from the same rearing condition (clear or turbid) but different population (river or swamp). Males were size matched to eliminate a confounding effect of body size in aggressive interactions. We tested each pair under both clear and turbid conditions to assess if rearing environment influenced the fish's ability to perform in clear or turbid waters (e.g., does a fish reared in turbid water respond to a competitor more when the water is clear than when it is turbid?). Males were isolated from other males for at least one week prior to the trials, although they still had contact with females. These trials were conducted at least one year post-hatching (September to December 2010) to ensure that all males were sexually mature and of a similar size.
The experimental aquarium (72 cm × 18 cm × 18 cm) was divided into four compartments, separated by perforated and transparent walls, allowing both visual and olfactory communication (Fig. 1) . The two central compartments were used to hold experimental males. Each of these compartments was visually divided into four equal lateral sections using marks on the front of the tank so that the observer could record the position (i.e. distance) of each fish from the central barrier. Each of the end compartments contained a water pump and air stone that ensured suspension of the turbidity solution during turbid trials. A separate stimulus aquarium, holding a mixture of females and juveniles, was placed adjacent to the experimental male compartments (see Fig. 1 ). The remaining walls of the stimulus and the experimental aquaria were covered with black plastic to prevent any other visual stimuli. Prior to the beginning of all trials, we randomly determined which treatment would be used for the first trial for each male pair. If the upcoming trial was turbid, 110 ml of turbidity solution was added to the experimental aquarium; if it was clear, it was left as-is; water was changed between all trials (see below). Solid white dividers were placed on either side of the central transparent divider between the experimental compartments the night before a trial, and sized-matched males were removed from their aquaria and placed in the compartments (side was randomized). An opaque plastic cover (i.e. bubble wrap) was placed loosely on top of the compartments to reduce disturbance during the overnight acclimation phase. Males remained in the experimental set-up for 24 hours prior the start of the trial. One hour before the start of the trial a curtain surrounding the set-up was closed (preventing disturbance), and the experimental area was vacated for 30 minutes. After this period, the observer entered the experimental area quietly and sat in front of the experimental aquarium.
Prior to the start of the trial, the section in which each male was located within its compartment (i.e. distance away from the central partition) and the presence of any territorial pits in the sand were noted. The plastic covers and dividers were gently removed simultaneously from each side of the transparent wall, marking the start of the trial. The behavior of both males was observed for 20 min. Specifically, the occurrence, timing, and location of four behaviors (lateral display, charging, quivering, and tail beating; Table 1 ) were noted when directed at the male competitor. The observer also took note of the time elapsed before the males noticed each other as well as the section each male was in when this occurred. If the males did not notice one another, or if neither male had moved by the 10-min mark, the trial was aborted and attempted at a later date. At the end of the trial, the final behavior and location of each male were recorded.
The male in the left compartment was immediately transferred to a separate container filled with clear water. This process was repeated with the male from the right compartment. A water sample was obtained from the central compartment of the experimental aquarium to provide a measure of turbidity for the trial (for both clear and turbid experiments). The experimental aquarium was drained, filled, and rinsed three times in preparation for the second treatment condition (clear vs. turbid). The opaque dividers and bubble wrap were replaced, and the males were put back into the experimental aquarium in opposite compartments. They were left in the experimental set-up for 24 hours prior to beginning the second trial for which the same methods but the alternate condition were used.
We used a repeated measures ANOVA to test if males reared under different conditions and from parents originating from two different populations (river vs. swamp) behaved differently in clear and turbid water Baerends and Baerends von-Roon (1950) do not use the term charge, but it is implied in their terminology "butting" and "mouth fighting". 3 Baerends and Baerends von-Roon (1950) use tail wagging for both reproductive and non-reproductive behaviors; here we use it only in the social context. when faced with a potential competitor (and in the presence of females). Each of the four behaviors observed and the total behaviors combined were analyzed separately, with trial (clear vs. turbid) as the repeated measure, and rearing environment and population of origin as between-subjects fixed factors. All behavioral data were square root transformed.
Results
Activity and social behaviors in full sib groups
Scan data indicated that fish reared in turbid water and tested in a social environment of full sibs showed marginally lower activity levels (P = 0.055) than fish reared in clear water (Table 2 , Fig. 2A ). Population of origin (river vs. swamp) did not have an effect on activity levels, and there was no interaction between rearing treatment and population of origin. Focal data showed that fish reared in turbid water performed significantly fewer non-aggressive social behaviors (tail-wagging, yawning, and displays) than fish reared in clear water, regardless of population of origin (Table 2 , Fig. 2B ). There was no effect of treatment, population, or their interaction on aggressive behavior (Table 2, Fig. 2C ).
Male-male aggression
Males ranged in size from 4.1 to 6.1 cm standard length (mean ± SE, 5.15 cm ± 0.10) and 2.55 to 6.99 mg wet mass (mean ± SE, 4.28 mg ± 0.22). Males were size-matched using both measures, with a mean size difference of 0.24 cm (± 0.059 SE) and 0.44 mg (± 0.09 SE) between males within pairs. The difference in standard length and in mass between paired males did not differ between rearing treatments (standard length: F 1, 10 = 0.953, P = 0.352; mass: F 1, 10 = 3.756, P = 0.081). All males used in the experiment displayed nuptial coloration, including a red spot on the anal fin, blue lips, and yellow ventral coloration, indicating sexual maturity (Fernö, 1986) . Territorial pits in the sand were common (>75% of trials). The average (± SE) turbidity recorded for clear trials was 0.47 NTU (0.14) and 5.65 NTU (0.77) for turbid trials.
We assessed the number of each individual type of behavior and the total number of aggressive behaviors performed by a male when tested against a male in clear water and in turbid water. Repeated measures ANOVA indicated a significant effect of experimental condition (clear vs. turbid) on three of the individual behaviors (lateral display, tail beats, charge, Fig. 3 ) and for all behaviors combined (Table 3 ). The number of quivers did not differ between clear and turbid trials and was only observed 25 times (out of 471 total behaviors observed, or 0.005%). In no case did rearing condition or population of origin have a significant effect on the number of behaviors performed. Fish tested in turbid water performed more aggressive behaviors than when they were tested in clear water, regardless of rearing condition or population of origin (Fig. 4) . There was no difference between treatments in the section where males first noticed their competitor (F 1, 20 = 0.711, P = 0.409).
Discussion
Results of this study indicate plastic behavioral response to turbidity in P. multicolor, and no significant population effects. Fish reared in turbid water in full sib groups were marginally less active and performed fewer social behaviors than those reared in clear water, regardless of population of origin. On the other hand, when tested against a competitor in turbid water, males performed more aggressive behaviors than when paired against the same male in clear water, regardless of population of origin or rearing environment. Since behavior can be a quickly activated reaction to an environmental stressor (Timmerman and Chapman, 2004) , it is not surprising that behavioral response to turbidity is flexible. Nonetheless, these findings have important implications for the ability of fishes to respond to increasing levels of human-induced turbidity. The behavioral plasticity exhibited by P. multicolor may facilitate its persistence over a range of turbidity levels in nature by decreasing both overall activity and general social behaviors, and by intensifying reproductive behaviors to ensure reproductive success. It is possible that in a group, more aggressive behaviors are used in a social context for establishing dominance hierarchies, while non-aggressive social behaviors are used for maintaining social hierarchies. Since the full sib groups were reared together, hierarchies were likely already established, and behaviors used only in their maintenance. Thus, turbidity did not influence aggression in that context, whereas in the male-male competition trials the motivation to interact aggressively with a novel competitor would have been increased.
Our behavioral plasticity results support two, non-mutually exclusive ideas: (1) Turbidity alters the visual environment, and males subsequently increase aggressive behaviors directed at male competitors. This is consistent with studies on other fish species that have shown increased courtship behaviors in turbid conditions at a similar level of turbidity as that used in our study Engström-Öst and Candolin, 2007; Wong et al., 2007) . (2) In addition, there appears to be a trade-off with respect to energy spent on basic activity and social behaviors and energy spent on aggressive male-male interactions. This idea is consistent with basic cost-benefit theory for sexually selected traits (Candolin and Heuschele, 2008) . We explore both of these ideas below.
The social behaviors that we observed to decrease under turbid conditions in small full sib groups of P. multicolor were those generally associated with establishment and maintenance of social hierarchies in groups, including males, females, and juvenile fish. These types of behavior can be expensive (Grantner and Taborsky, 1998) . Reducing the amount of social interactions might weaken hierarchies but may be an adaptive mechanism to cope with environmental stress. Activity level was only marginally lower in turbid-vs. clear-reared fish; again, this may reflect energy costs associated with maintenance activity, but the weak response may not be surprising given the low level of Table 1 . Data were square root transformed. Paired males were allowed to interact through a clear, perforated barrier (see Fig. 1 ). Data were square root transformed.
turbidity used in this study (~ 9 NTU). This level of turbidity is comparable to levels used in other studies (e.g., Wong et al., 2009, ~ 3.5 NTU; Engström-Öst and Candolin, 2007, ~ 10-15 NTU; Heuschele and Candolin, 2007, ~ 6 NTU) ; however, it is much lower than values reached at field sites where we have captured P. multicolor (> 26 NTU, Gray and Chapman, unpublished data) . In our experimental set-up, such high levels of turbidity would have limited our ability to accurately observe mating behaviors. Therefore, our estimates of behavioral plasticity with respect to activity and social behaviors in small full sib groups may be conservative, but clearly support a reduction in these behaviors under increased turbidity. In contrast to activity and social behaviors in full sib groups, we found that the level of aggressiveness in males when encountering another male significantly and quite dramatically increased under turbid conditions. For example, when faced with the same competitor, males increased their level of aggressive behaviors by 77% in turbid water (Fig. 3, 4) , independent of population of origin and rearing treatment. Other studies have shown similar trends of increased courtship displays with high turbidity. For example, Candolin and colleagues (2007) found that male threespine sticklebacks increased their courtship activity in turbid (highly eutrophied) water. However, the observed increase in courtship activity did not result in the same level of response from females as when male sticklebacks courted in clear water . This suggests that although male sticklebacks are compensating for reduced visibility in turbid conditions, the behavioral change may be maladaptive or inadequate for the level of the environmental stressor. In this case we might expect alternate sensory cues to be used instead of visual-based cues. In fact, this appears to be one way that threespine sticklebacks in the Baltic Sea are dealing with increased turbidity: in turbid water females rely more on male olfactory than visual cues to choose a mate (Heuschele et al., 2009) .
Male nuptial coloration is likely an important signal for both male-male competition and female mate choice in P. multicolor. Male P. multicolor generally have intense yellow coloration ventrally, blue lips, and a prominent red spot on the anal fin, compared with brown-grey coloration in females (see fish photos in Fig.  1 ). Since visual signals are likely impaired by even low levels of turbidity (Utne-Palm, 2002), males may need to highlight the extent of their color patterns to other males (and to females) via increased behavioral signaling. If color signals are masked by turbidity, increased displays may ensure honest signaling of the males' ability to deal with the environmental stressor (Wong et al., 2007) .
The energetic cost of aggressive/agonistic behaviors in the context of male-male competition can be very high (Grantner and Taborsky, 1998; Ros et al., 2006; Briffa and Sneddon, 2007) . In the cichlid Oreochromis mossambicus, aggressive behaviors displayed by adult males to its mirror image increased energy expenditure up to five times greater than resting levels (Ros et al., 2006) . Thus, a further increase in such behaviors in the face of an environmental stressor suggests the importance of the behaviors and that a trade-off in energy expenditure with other behaviors is likely.
Population of origin was not a significant driver of altered behavior at any level, suggesting that the differences in behavior we observed are plastic rather than genetic. In the male-male aggression trials, the results also indicated that the observed behavioral plasticity was not a developmental phenotype, but rather a short-term, quickly activated response to increased turbidity (i.e. the developmental environment was not as important as current environment with respect to intrasexual competition). However, we did not test activity and social interactions in the alternate condition to the rearing environment and so do not know if those behaviors are as flexible as aggressive male-male interactions. A similar observation to our aggression results was reported in male guppies Poecilia reticulata that alter mating tactics under low light conditions. Male guppies switched from using sigmoidal courtship displays to using non-consensual pelvic thrusts in low light, regardless of whether they were reared in low or high light environments, suggesting that flexible behavioral plasticity is more important in responding to changes in the visual environment . Such flexibility in reproductive behaviors may allow these species to persist, even under increasingly human-induced environmental change (Lane et al., 2011; Sih et al., 2011) .
The apparent trade-off we observed with respect to energy spent on social behaviors in small full sib groups vs. intrasexual reproductive behaviors points to a physiological cost of turbidity driven by development under turbid conditions. Though we have not yet directly explored physiological response to development under turbidity in P. multicolor, we do know that low DO is a significant driver in shaping population variation in phenotype, and that many morpho-physiological traits show a high level of developmental plasticity (e.g., gill size; Crispo and Chapman (2010) ). Across the range of aquatic systems inhabited by P. multicolor, low DO and low sedimentary turbidity seem to be coupled: hypoxic swamps tend to have clear, tannin-stained water, whereas well-oxygenated rivers tend to be more turbid. The combined influence of both stressors likely shapes population-level phenotypic differences. Future research will examine combined effects of two stressors on the behavior, morphology, and physiology of this species.
